Studies on the electrochemical process at liquid | liquid or organic solvent or oil (O) | water (W) interface have attracted increasing attention due to the wide range of applicability of the systems in chemistry and biology. [1] [2] [3] [4] Recently, voltammetric study of the transfer of polyionic macromolecules across O | W interface has been the subject of research interest by several authors. The transfer of the perfluorosulfonate ionomer Nafion, 5 poly(diallydimethylammonium), 6 and polyethyleneimine, 6 as well as biopolymers protamine 7 and heparin 8 has been studied.
Introduction
Studies on the electrochemical process at liquid | liquid or organic solvent or oil (O) | water (W) interface have attracted increasing attention due to the wide range of applicability of the systems in chemistry and biology. [1] [2] [3] [4] Recently, voltammetric study of the transfer of polyionic macromolecules across O | W interface has been the subject of research interest by several authors. The transfer of the perfluorosulfonate ionomer Nafion, 5 poly(diallydimethylammonium), 6 and polyethyleneimine, 6 as well as biopolymers protamine 7 and heparin 8 has been studied.
In this study, we investigated the transfer of polyammonium ions, poly[(dimethylimino)-1,6-hexanediyl] (PA1) and poly[(dimethylimino)(2-oxo-1,2-ethanediyl)imino-α,ω-alkanediylimino(1-oxo-1,2-ethanediyl)(dimethylimino)-α′,ω′-alkanediyl] (PA2-x-y: x = 2, 3, 4, or 6, and y = 3 or 6) ions, which have been used as an anti-fungus agent and a hair conditioner, 9,10 at a polarizable nitrobenzene (NB) | W interface. The chemical structures of the polyammonium ions are illustrated in Fig. 1 . The polyammonium ions have been prepared as poly[(dimethylimino)-1,6-hexanediyl chloride] and poly[(dimethylimino)(2-oxo-1,2-ethanediyl)imino-α,ω-alkanediylimino(1-oxo-1,2-ethanediyl)(dimethylimino)-α′,ω′-alkanediyl dichloride]. The weight-average molecular weights of the polyammonium salts were on the order of 10000 (see Table 1 below). Despite their polydispersity, by normal pulse voltammetry, an S-shaped current vs. potential curve with a well-defined limiting current and, by cyclic voltammetry, a pair of anodic and cathodic peak currents due to the transfer of the polyammonium ions across the NB | W interface have been observed within the potential window. In this paper, we report on the voltammetric behavior in some detail. The effect of the concentration of electrolyte anions in the NB-and W-phases on the half-wave potential or the midpoint potential of the transfer of the polyammonium ions at the NB | W interface has also been studied. The relation between the structure of the polyammonium ions and the transfer potential has been considered.
Experimental
Poly[(dimethylimino)-1,6-hexanediyl chloride] and poly[(dimethylimino)(2-oxo-1,2-ethanediyl)imino-α,ω-alkanediylimino(1-oxo-1,2-ethanediyl)(dimethylimino)-α′,ω′-alkanediyl dichloride] were synthesized according to the reported method. 11, 12 The preparation of tetrapentylammonium tetraphenylborate (TPnATPB) and the purification of tetrapentylammonium chloride (TPnACl) and NB were described elsewhere. 13 Other chemicals were of reagent grade and used as received. 
, 4, or 6, y = 3 or 6, and n = 30 -130) ions, at a polarizable nitrobenzene | water interface has been studied by normal pulse voltammetry and cyclic voltammetry. Despite the polydispersity of the preparations, by normal pulse voltammetry, an Sshaped current-potential curve with a well-defined limiting current, and, by cyclic voltammetry, a pair of anodic and cathodic peak currents due to the transfer of polyammonium ions across the interface were observed within the potential window. The voltammetric behavior is described. Also, the effect of ion-pair formation of the polyammonium ions with supporting electrolyte anions in nitrobenzene-and water-phases on the half-wave or midpoint potential of the iontransfer, and the relation between the structure of the polyammonium ions and the transfer potentials are discussed. The transfer of the polyammonium ions across NB | W interface has been studied by means of normal pulse and cyclic voltammetry using a three-electrode system. The electrochemical cell can be represented by cell-I:
where M = mol dm -3 . The polarized NB | W interface, that is, the test interface, is indicated by an asterisk. The electrolytic cell used in this study was essentially the same as that described elsewhere. 14 The surface area of the test interface was 0.038 cm 2 .
The applied potential (E) is defined as the terminal potential of RE1 referred to that of RE2. The solution resistance between the two reference electrodes was about 3 kΩ for cell-I. The E was controlled by a potentiostat furnished with a positive feedback iR compensation circuit. In this paper, the E-values in voltammograms are reported against the reversible half-wave potential of the transfer of tetramethylammonium (TMA + ) ion across the NB | W interface, rE1/2,TMA, which was determined to be rE1/2,TMA = 380 ± 5 mV with cell-I, in which phase III was replaced by 0.50 mM TMACl, 0.01 M NaH2PO4-Na2HPO4, 0.1 M LiCl (W, pH 6.7).
In normal pulse voltammetry, a potential step ∆E = E -Ei, Ei being the initial potential where the current due to the iontransfer is negligibly small, was applied to the O | W interface at t = 0, and the resulting current was recorded as a function of time (t), or sampled at t = ts, ts being the sampling time, to obtain current vs. potential curves, that is, normal pulse voltammograms (NPVs). The normal pulse voltammetric current (I) was recorded after a correction for the base current. In cyclic voltammograms (CVs) in Figs. 5 and 8, the cyclic voltammetric current (i) was recorded without and with a correction for the base current, respectively. All of the experiments were performed at 25 ± 1˚C.
Results and Discussion
The weight-average molecular weights (Mw) and the polydispersity (Mw/Mn), Mn being the number-average molecular weights, of the polyammonium salts were determined by gelpermeation chromatography with TSKgel α-3000 and α-4000 (Tosoh Corp.) at 40˚C using a 0.3 M triethanolamine-phosphoric acid aqueous solution (pH 2.9) as a mobile phase. The Mw-and Mw/Mn-values are listed in Table 1 . The Mw-values are in the range from 20000 to 82000. Using the Mn-values, the degree of polymerization (n) was calculated, as listed in Table 1 . Figure 2a shows the NPV of the transfer of 100 mg dm -3 PA1 at the 0.1 M TPnATPB (NB) | 10 mM NaH2PO4-Na2HPO4, 0.1 M LiCl (W, pH 6.7) interface at ts = 0.05 s. The PA1 preparation is a mixture of different chain lengths (Mw/Mn = 1.41, see Table 1 ), so that the measured current can be considered to be the sum of the contribution from various PA1 fractions. However, an S-shaped current-potential curve with a well-defined limiting current was observed, suggesting that the half-wave potentials of the PA1 fractions are close to each other. The limiting current (Ilim) was proportional to the bulk concentration of the polyammonium salt in the W-phase (*c 
Normal pulse voltammetry
where z, D, and *c are the charge number, the diffusion coefficient, and the bulk concentration of the ion, respectively, and F is the Faraday constant, and by taking z = 1 × n = 140 and *c = *c tested, and an extrapolation of the plot to the intercept at ts -1/2 = 0 gave 5 ± 1 mV dec -1 . The slope-value is larger than that expected for the reversible transfer of a multivalent ion of z = 140. This may be due to the polydispersity of the PA1 preparation. The half-wave potential (at log[I/(Ilim -I)] = 0), E1/2, shifted to more negative potential with increasing ts. As shown in Fig. 4b , the plot of E1/2 vs. ts -1/2 was also found to be linear, and an extrapolation of the plot to the intercept at ts -1/2 = 0 gave E1/2(ts -1/2 → 0) = -101 ± 1 mV vs. rE1/2,TMA. The E1/2(ts -1/2 → 0)-value shall be considered to be average reversible halfwave potentials of the PA1 fractions.
All of the PA2-x-y's tested gave S-shaped current-potential curves with well-defined limiting currents within the potential window of the 0.1 M TPnATPB (NB) | 10 mM NaH2PO4-Na2HPO4, 0.1 M LiCl (W, pH 6.7) interface. The NPVs of the transfer of 100 mg dm -3 PA2-6-6 and PA2-2-3 at the NB | W interface at ts = 0.05 s are shown by curves b and c, respectively, in Fig. 2 . The Ilim-values were proportional to *c W PA in the range tested at ts = 0.05 s, and also to ts -1/2 in the range tested at *c W PA = 100 mg dm -3 . The D W app's of the PA2-x-y's were determined as listed in Table 2 . The D W app-values can be compared with that of PA1 and with each other, but no simple relationship was observed between D W app and the molecular weight. The plots of E vs. log[I/(Ilim -I)] gave straight lines. The slopes and E1/2's of the lines decreased and shifted to more negative potentials, respectively, with increasing ts. Plots of the slope vs. ts -1/2 and those of the E1/2 vs. ts -1/2 were found to be linear in the range of ts tested. The extrapolated values of the slope and E1/2 at ts -1/2 = 0 are listed also in Table 2 . The slopevalues are in the range from 3 to 9 mV dec -1 . Figure 5 shows the CV of the transfer of 100 mg dm -3 PA1 at the 0.1 M TPnATPB (NB) | 10 mM NaH2PO4-Na2HPO4, 0.1 M LiCl (W, pH 6.7) interface at a scan rate of ν = 0.1 V s -1 . A pair of anodic and cathodic peak currents was observed, suggesting again that the midpoint potentials or half-wave potentials of the PA1 fractions are close to each other. The height of the anodic peak current (ipa) corrected for the base current was proportional to *c W PA between 20 and 200 mg dm -3 at ν = 0.1 V s -1 , and also to ν 1/2 at *c W PA = 100 mg dm -3 , as shown in Fig. 6 . The ratio ipa/ipc, ipc being the height of the cathodic peak current, remained constant independently of ν, and was ipa/ipc ≈ 1. The anodic and cathodic peak potentials (Epa and Epc) shifted to more negative and positive potentials, respectively, linearly with decreasing ν 1/2 , as shown in Fig. 7a . The potential peak separation (∆Ep), defined by ∆Ep = Epa -Epc, when ν 1/2 → 0, was determined to be ∆Ep(ν 1/2 → 0) = 6 ± 1 mV. The ∆Ep(ν 1/2 → 0)-value is larger than that expected for the reversible transfer of multivalent ion of z = 140. The midpoint potential (Em), defined by Em = (Epa + Epc)/2, remained constant independently of ν 1/2 (Fig. 7a) as well as *c W PA . The extrapolated values Em at ν 1/2 → 0 was determined to be Em(ν 1/2 → 0) = -102 ± 1 mV vs. rE1/2,TMA, which is very close to E1/2(ts -1/2 → 0) = -101 ± 1 mV vs. rE1/2,TMA determined by normal pulse voltammetry.
Cyclic voltammetry
All PA2-x-y's tested also gave a pair of anodic and cathodic peak currents within the potential window of the 0.1 M TPnATPB (NB) | 10 mM NaH2PO4-Na2HPO4, 0.1 M LiCl (W, 
1.5 ± 0.2 9 ± 1 -64 ± 2 w w pH 6.7) interface. Figure 8a shows the CVs of the transfer of 100 mg dm -3 PA2-6-6 at the NB | W interface at different ν's. The dependence of the peak currents and the peak potentials on ν 1/2 of PA2-x-6's (x = 2, 3, 4, or 6) was the same, or nearly the same, as that of PA1. Figure 8b shows the CVs of the transfer of 100 mg dm -3 PA2-2-3 at the NB | W interface at different ν's. The ipa/ipc-value was ipa/ipc > 1, and increased with increasing ν. As shown in Fig. 7b , Epa and Epc, shifted to more negative and positive potentials, respectively, linearly with decreasing ν 1/2 , and the slope of the regression line of the Epa vs. ν 1/2 plot is more than that of Epc. The dependence of the peak currents and the peak potentials on ν 1/2 of other PA2-x-3's (x = 3, 4, or 6) was the same, or nearly the same, as that of PA2-2-3. The results suggest that y, that is, the length between two -N + (CH3)2-groups of the polyammonium ions at the shortest length, is an important factor in determining the kinetic behavior of the iontransfer across the NB | W interface.
The determined ∆Ep(ν 1/2 → 0)-and Em(ν 1/2 → 0)-values of the PA2-x-y's are listed in Table 3 
Effect of the concentrations of supporting anions in the W and NB-phases
The CVs of the transfer of 100 mg dm -3 PA1, PA2-2-3, and PA2-6-6 at the 0. , and HPO4 2-ions in the W-phase has no significant influence on the transfer potential of the polyammonium ions.
The CVs of PA1, PA2-2-3, and PA2-6-6 at the a M TPnATPB (NB) | 10 mM NaH2PO4-Na2HPO4, 0.1 M LiCl (W, pH 6.7) interface for several concentrations of TPnATPB in the NB phase, *c O TPnATPB , were recorded. With increasing *c O TPnATPB , the Em(ν 1/2 → 0)'s of the polyammonium ions shifted to negative potentials, indicating that the ion-pairing of the polyammonium ions with tetraphenylborate -occurred in NB because of the lower value of the dielectric constant. In Fig. 9 , the Em(ν 1/2 → 0)-values are plotted against log *c O TPnATPB . The slope of each straight line is almost the same, indicating that there were no marked differences in the effect of the ion-pairing with tetraphenylborate -in NB between the polyammonium ions tested.
Relation between the structure of the polyammonium ions and the transfer potentials 
6 ± 2 29 ± 3 PA2-3-3 13 ± 3 4 ± 3 PA2-4-3 11 ± 2 2 ± 1 PA2-6-3 11 ± 1 -11 ± 1 PA2-2-6 7 ± 2 -24 ± 2 PA2-3-6 8 ± 1 -34 ± 2 PA2-4-6 5 ± 2 -44 ± 1 PA2-6-6 9 ± 2 -64 ± 1 Polyammonium ν ν the PA2-x-y's, the Em(ν 1/2 → 0) vs. L/z plot lay on a straight line. The results suggest that the difference in the transfer potential between the PA2-x-y's depends practically on the difference in the polymeric backbone. The regression line is given by (2) with the correlation coefficient r 2 = 0.95. The calculated value of Em(ν 1/2 → 0) = 9 mV vs. rE1/2,TMA by Eq. (2) with L/z = 7 is a more positive potential than the experimental value of Em(ν 1/2 → 0) = -102 ± 1 mV vs. rE1/2,TMA for PA1, indicating the effect of the substitution of -CH2CH2-for -CONH-in the polymeric backbone on the hydrophobicity of the polyammonium ions. Thus, it is interesting to obtain the Em vs. L/z plots of other polyammonium ions including PA1 analogues. The study is continuing.
Conclusion
Despite the polydispersity of the preparations, polyammonium ions PA1 and PA2-x-y's gave well-defined NPVs and CVs due to their transfer across the NB | W interface. The dependence of Ilim in NPVs on *c W PA and ts suggests that the limiting current is controlled by the diffusion of the fractions of the polyammonium ion in the W-phase. The half-wave potentials of NPVs at ts -1/2 → 0, which shall be considered as the average reversible half-wave potentials of the fractions, were in agreement with the midpoint potentials of CVs at ν 1/2 → 0. These transfer potentials were not influenced by the ion-pair formation of the polyammonium ions with the supporting electrolyte anion in the W-phase, but with tetraphenylborate -in the NB-phase. A linear relationship exists between the transfer potentials and the length of the main chain per charge number of PA2-x-y, suggesting that the difference in the transfer potential between the polyammonium ions depends practically on the difference in the polymeric backbone.
It can be stated that, although the comparison of the experimental and theoretical voltammograms is not simple because of the polydispersity, the voltammetric technique using a polarizable O | W interface provides a useful insight into the phase-transfer characteristics of polyionic macromolecules. ANALYTICAL SCIENCES NOVEMBER 2004, VOL. 20 
